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Introduction 46and spinal cord (48). MWF has been found to be decreased in normal appearing white matter in 92 neurodegenerative diseases such as multiple sclerosis (49-52). MWF has previously been shown to 93 decrease post single sports concussion (mTBI) and then recover after 2 months (53), showing the utility 94 of MWF in mTBI. 95 96
It should be noted that there are other factors aside from pathology that can cause changes to 97 myelination and thus MWF. In humans, myelin development begins in utero and develops quickly 98 through the first few years but continues to increase through adolescence and young adulthood (54) and 99 is thought to increase with learning in healthy adult brains (55). MWF in healthy individuals is 100 significantly correlated with increasing age and years of education (56,57). A subsequent study (58) 101 confirmed these significant correlations with healthy control MWF but also found age and education 102 relationships in a cohort of first-episode schizophrenia patients. 103 104
Cognitive decline is a common consequence of moderate/severe TBI and can continue long-term (59). 105
In most cases of mTBI, there is little to no evidence of long-term cognitive impairment(60-63), 106 however a portion of patients with mTBI will report persistent symptoms, such as post-concussive 107 syndrome and other cognitive function issues(64-69). It is important to characterize the cognitive 108 function of TBI subjects as it is a potent predictor of functional capacity, and targeted rehabilitation 109 measures are available. A number of groups have documented an association between myelin water 110 fraction and cognition. Lang et al.(58) showed that Frontal white matter MWF correlated with scores 111 on a premorbid IQ test, the North American Adult Reading Test (NAART) and Choi et. al. (70) found 112 a correlation between a processing speed index and a global measure of apparent myelin water fraction 113 in a group of moderate to severe TBI subjects 3 months post-injury. These findings show that myelin 114 measures may reflect cognitive functional changes in TBI. 115 116
Here we examine myelin water fraction (MWF) within a heterogeneous group of chronic TBI 117 participants and compare mild TBI MWF to healthy controls using a whole cerebrum coverage MWF 118 sequence to characterize differences in myelin. We also examined the effects of age and years of 119 education on MWF, independent of TBI. Finally, we compared cognitive scores between the two 120 groups and their relationship with MWF. Based on results from a previous study in TBI (70) we 121 hypothesized that MWF would be particularly associated with fluid cognitive abilities. 122 123 2
Methods

124
Subject demographics 125
Participants were recruited from brain injury associations across the Greater Vancouver area as part of 126 a study to evaluate the impact of an intensive cognitive intervention program (Arrowsmith) in adults 127 with TBI (71). All healthy controls were recruited from the lower mainland of Vancouver in close 128 proximity to the university. All controls were screened to ensure that they had no history of head 129 trauma, neuropsychiatric disorders, or any other neurological conditions. The participants with TBI 130
were first interviewed to determine eligibility and to evaluate the severity of TBI. Participants were 131 excluded if they were currently in litigation or if they had other severe medical conditions affecting 132 brain function. They were also excluded if they had a diagnosis of psychiatric illness based on a Mini-133 international neuropsychiatric interview (MINI) (72). The severity of injury was based on self-report 134 using the diagnostic criteria from the World Health Organization (WHO The signal decay curve obtained by the T2 relaxation sequence was modelled by multiple exponential 171 components and the T2 distribution was estimated using in-house software in matlab (MathWorks,  172 Massachusetts, U.S.A) which contained a regularized non-negative least squares algorithm using the 173 extended phase graph and flip angle estimation to deal with stimulated echo artifacts (29-31,78,79) . 174 MWF in each image voxel was computed as the ratio of the area under the T2 distribution with times of 175 10-40ms to the total area under the distribution. MWF and 3DT1 images were registered to MNI space 176 and brain extracted and segmented using tools from FSL (80-82). Slices below the inferior portion of 177 the hypothalamus (mammillary body) were rejected in order to account for differing head sizes and 178 make sure MWF was measured over the same brain coverage for all subjects. Global white matter 179 (GWM) was segmented and pre-existing regions of interest from the JHU tract atlas in FSL (83-85) 180 were used to segment specific tracts using FSL: splenium of corpus callosum (SCC), body of corpus 181 callosum (BCC), genu of corpus callosum (GCC), minor forceps (MN), and right and left anterior 182 thalamic radiation (ATR), inferior and superior longitudinal fasciculus (ILF and SLF respectively), and 183 corticospinal tract (CST). 184 185
Statistical analysis 186
All statistical analysis was completed using IBM SPSS Statistics Version 25. Demographic differences 187 were examined; age and education were compared between groups using an independent samples t-test 188 and a chi-squared test was used to compare gender ratios between groups, where p<0.05 was 189 considered significant. All group comparisons were done between controls and mild TBI, due to the 190 low subject numbers in the severe TBI category. Mean MWF for ROIs were compared between 191 participant groups using an independent samples t-test, where p<0.05 was considered significant. 192
Bonferroni-Holm correction for multiple comparisons was used to correct for multiple comparisons.
193
The association between age and years of education and MWF in each ROI was examined using six controls who were selected because they were closest in demographics. Note the overall qualitative 208 reduction in MWF in each TBI participant. This was confirmed by a significant decrease in global 209 white matter (GWM) MWF the mTBI group compared to controls (see first row of Table 2 and Figure  210 2). Analysis of the regions of interest (ROIs) for each group showed a significant decrease in MWF in 211 the mTBI group compared with the controls in the majority of ROIs (see Figure 2 and Table 2),  212 excluding the left anterior thalamic radiation (ATR) and right inferior longitudinal fasciculus (ILF) 213 which were trending. After correcting for multiple comparisons using Bonferroni-Holm, only the 214 splenium of corpus callosum (SCC) and left ILF were still significant. Due to the low subject numbers 215 in the sTBI group it was not statistically compared. 216 217
The relationship between age and years of education and MWF across all controls and mTBI were 218 evaluated using Pearson's correlations. Years of education was significantly positively correlated with 219 MWF in all ROIs except in the SCC and left ILF and age was not significant in any ROI. Figure 3  220 shows MWF of global white matter in controls and mTBI plotted against years of education and age 221 for each subject group. In the ANCOVA, group differences indicating lower GWM MWF in mTBI 222 patients relative to controls were significant p=0.04 after removing variances accounted for by years of 223 education, which had a significant effect on the model (p=0.01), and age, which did not (p=0.4). After 224 controlling for education and age, the following ROIs still showed significant group differences: GCC 225 (p=0.03), SCC (p=0.01), SLFL (p=0.04), and SLFR (p=0.02), the other ROIs were not significant, 226 p>0.05. 227 228
3.3
Correlations between MWF and cognitive scores 229
Average age adjusted cognitive composite scores for Crystallized and Fluid cognition are given in 230 Table 3 and the distribution of scores are given in Figure 4 for each subject group. Fluid cognition was 231 significantly higher in controls than mild TBI, and both means were above 100. Severe TBI (sTBI) MWFs were generally lower than controls and mild TBI, however due to the low 251 number of subjects in this category we did not able to statistically compare this group to the others. We 252 would expect differences between controls and sTBI, as using a different technique to measure MWF, 253 Choi et al.(70) also found significantly decreased MWF in a group with sTBI compared to healthy 254 controls (these patients were only 2-months post-injury). However, the finding in mTBI is significant 255 as most mTBI subjects are expected to return to pre-injury levels in terms of cognition and myelin in 256 the chronic stage. For global white matter the difference in MWF between controls and mTBI was 12% 257 -for the corpus callosum this decrease was 15.5-18%. A previous MWF study(53) on athletes with 258 concussion found a decrease in SCC MWF in the acute stage but return to baseline MWF at a month 2 259 follow up. We found the mTBI group was significantly lower than controls in global white matter, all 260 three regions of the corpus callosum, MN, right ATR, left ILF, SLF and CST. There is previous 261 evidence that a subset of people with mTBI report persistent symptoms and problems. It is likely that 262 our group of participants highlights those with ongoing issues(64-69), as most participants in our study 263 self-reported symptoms consistent with post-concussive syndrome. This is further supported by the fact 264 that we found significant cognitive differences between controls and mTBI. 265 266
The corpus callosum connects the two hemispheres of the brain and thus is prone to the twisting and 267 sheering motion during a TBI. The corpus callosum, and specifically the splenium of the corpus 268 callosum is highlighted in TBI studies as a main area of change and injury (86). As well, the splenium 269 is an area known to be rich in myelin and thus a high MWF (30). We found the CC, and specifically 270 the SCC (significant after correction for multiple comparisons) sensitive to detecting differences 271 between controls and mTBI. 272 273
The exact pathway of myelin changes following TBI is not well characterized in humans, however, one 274 post mortem human brain study found myelin loss (24 This is most likely due to the much lower mean age in the schizophrenia study. MWF changes are 292 more dramatic at lower ages, while the increase of MWF with age is gradual in middle age (57), and 293 thus the influence of age may not have been detectable in our cohort. These findings underline the 294 importance of matching groups not only on age and gender but also years of education. 295 296 TBI subjects showed lower Crystallized and in particular Fluid cognitive scores than controls, 297 suggesting decreased cognitive functioning in patients relative to controls. Despite this, it should be 298 noted that the mean cognitive scores were higher than or equal to 100 (average range) for both groups, 299
indicating that in this study we have a highly educated group of patients and controls. We did not find a 300 significant correlation between measures of MWF and either crystallized or fluid cognition for mTBI. 301
A recent study reported a significant association between global MWF and processing speed in a 302 sample of patients with moderate to severe TBI at 3 months post-injury(70). We did not have a 303 sufficient sample size in sTBI to evaluate relationships between cognitive scores and MWF. Persistent 304 cognitive deficits are rarely found in mTBI; however, here we found lower cognitive scores in mTBI 305 than controls, and this may be due to the select group of mTBI we studied who have persistent self-306 reported symptoms. Thus, the findings of this study may not be generalizable to patients with mild TBI 307 who do not present with persisting symptoms. 308 309
Our TBI sample was highly educated and their mean CC score was above average which, may signal 310 an elevated level of cognitive reserve. This high cognitive reserve may, limit the potential amount of 311 cognitive morbidity, i.e. these patients may be able to tolerate more injury to the brain without it 312 affecting their cognition. This reserve may prevent or restrict the observation of cognition-MWF 313 associations(96). These associations would be predicted to be more evident in patients who were less 314 educated or had less cognitive reserve. 315 316 Traumatic brain injury imparts a huge burden on society and even mild TBI can have long-term effects 317 on patients. There is increasing evidence that TBI is not a 'single event' but rather an ongoing process 318 which unfolds across months, years, and possibly over a lifetime; thus, improved monitoring of long-319 term effects of TBI is essential (97). White matter tracts are particularly vulnerable to a TBI and 320 monitoring the myelination of these tracts may expand our knowledge and inform the development of 321 diagnostic and prognostic biomarkers. Myelin water fraction is a powerful quantitative technique to 322 examine myelin content and has been used to examine a variety of brain diseases and disorders (41 
